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Abstract 
The historic site, Edo Castle outer moat is a precious place that has one of the few water and greenery in Tokyo 
urban areas. However, the outer moat water quality is exceed the environmental standards of water quality by the 
Ministry of the Environment. Moreover, offensive odors emitting from decomposition processes of blue-green algae. 
Because of the existing special sewage system in the area, the water quality become deterioration. When the rainfall 
amount more than the capacity of treatment, a lot of untreated wastewater is released into the outer moat. It is 
important issue that the place with such a problem in the urban area. In order to grasp the actual state of the water 
environment in the outer moat, continuous field observation of the main water quality items is carried out and each 
of the observation results is reviewed. By the observation of Chlorophyll-a (Chl-a), T-N, T-P and COD, we revealed 
the seasonal variation of each water quality item near 1 year. The concentration of T-N and T-P are showed from 0.2 
to 9.7mg L-1 and 0.27 to 2.68mg L-1 respectively. In addition, a modified ecosystem model applied in the study to 
simulate the water quality of the outer moat. The results are confirmed to present the reproducibility of the model 
and the effect of pollution load from the sewer network of vicinity of the catchment areaˊ 
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1. Introduction 
 Inflow-outflow is inactive in closed water body such as lakes and pounds. And, due to the characteristics, 
Nutrients such as nitrogen and phosphorus are easily accumulated, that causes eutrophication problems. 
The study area, Edo Castle Outer Moat (hereinafter referred to as Outer Moat), is an artificial channel that was 
excavated to prevent enemy from invasion about 400 years ago, and then it was used as a navigation channel and an 
entertainment place. Currently, the Outer Moat becomes less and is defined as a historical site in 1956 [1]. Thus, the 
Outer Moat is important spatially and historically. However, the water quality of the Outer Moat becomes 
increasingly worse that exceed the Environmental Quality Standards by Ministry of the Environment because of the 
existence of special sewage system within the area, and pollutants are accumulated at the bottom without outflow in 
that the Outer Moat is enclosed. While emitting offensive odors due to decomposition processes, blue-green algae 
outbreaks affected by the resident time and eluted nutrients cause problems. In order to improve water quality of the 
Outer Moat effectively, it is necessary to understand the water pollution mechanism, but that is difficult because the 
water pollution mechanism which includes hydrological, hydraulic issues and ecosystem. Based on above reasons, 
this study is focused on the effect of elution from sediment and inflow of sewage on water quality of the Outer Moat 
through continuous on-site observations and experiments. In addition, the dissolved oxygen (DO) concentration is 
investigated because it is an important chemical and biological factor in water. However, field observation is 
inadequate to know all the material cycle, therefore, ecosystem model is also required. Firstly, the repeatability of 
this ecosystem model is tested. 
2. Description of study area and Observation method 
2.1. Description of study area 
Fig. 1 shows the catchment area of sewage and observation point in the Outer Moat. The Outer Moat is divided 
into three parts and flows into the downstream river (Kandagawa River). The length and elevation differences 
between A site and C site are about 1.3km and 12m, respectively. According to field observations and literatures, 
there are 18 outlets into the Outer Moat, among which 10 outlets are from combined sewer system [2]. This study 
focuses on site A because it owns the largest catchment area of sewage. 
Fig. 1. Topography of Edo Castle Outer Moat which consists of Ichigaya moat (A), Shinmituke moat (B), Ushigome moat (C). And each 
the catchment area of sewage. Stations represent the monitoring and observation points.  
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2.2. Description of study area and observation method. 
The on-site observations of the site A area were carried out continuously from August 2014 to October 2015. DO 
saturation (DOS) and water temperature were measured per 5 minutes. DO meter (Dopto Logger, ZEBRA-TECH 
LTD) was set up at two points within the distance of 10 cm from the water surface and from the bottom. 
Water samplings were carried outonce in two weeks from August 2014 to October 2015. The samples were 
obtained at the same two points as DO meter set, kept at 4 Υbelow cool and taken back to laboratory to be 
analyzed. Total nitrogen (TN), total phosphorus (TP) and chemical oxygen demand (COD) were measured by 
absorption photometer (DR3900, TOA DKK). Chlorophyll-a,b,c (Chl-a, b, c) were measured by UNESCO method 
in laboratory. 
 
3. Analysis and observation results 
3.1. Analysis results 
As the result of T-N and T-P, they were 0.2 to 9.7 mgL-1 and 0.27 to 2.68 mgL-1 respectively observation period as 
shown in Fig. 2. Moreover, TN was decreasing during the period from autumn to winter. It cannot find seasonal 
trend of T-P and COD. About the concentration of Chl-a, it reached more than 100 mg m-3 15 times in 22 times at 
normal stage of water on October 7, 2014. DOS had the same trend of variation as Chl-a, it was considered that the 
effected of phytoplankton. Table 1 shows the comparison between the Outer Moat and water quality loaded lakes 
that possess similar waterside environment. The average concentrations and summer ones of TN, TP, COD and Chl-
a were shown and the value of the Outer Moat was the largest in each item, especially TP, which was almost 5 times 
of others. 
 
 
Fig. 2. Observation dissolved oxygen saturation (DOS) (%), water temperature (Υ), total nitrogen (T-N) (mgL-1), total phosphorous (T-P) 
(mgL-1), chemical oxygen demand (COD) (mgL-1) in surface and bottom off A from August 2014 to October 2015. Rainfall (mm 10min-1), 
solar radiation (MJ m-2 day-1), atmospheric temperature (Υ) are public data. 
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Table 1. The average concentrations and the concentrations in summer of T-N, T-P, COD and Chl-a . 
oints 
T-N [mg L-1] T-P [mg L-1] COD [mg L-1] Chl-a [μg L-1] 
Average Summer Average Summer Average Summer Average Summer 
Lake Inbanuma 2.5 2.8 0.14 0.21 11 15 150 183 
Lake Teganuma 2.2 1.5 0.13 0.18 7.6 9 100 140 
Outer Moat 4.8 5.0 0.92 1.33 28.2 26 161 189 
3.2. Continuity observation results 
During August to October in 2014 and May to September in 2015, DOS of surface water had a large variation 
which became supersaturated in daytime and  hypoxia at night, Moreover, DOS near the bottom was close to 
hypoxia state, indicating that dissolved oxygen varied greatly between surface and bottom water. However, there 
was little difference between autumn and winter during the period of October 2014 to March 2015 and both of their 
values were high than that of other season. According to these results, it can be found that DOS was related to solar 
radiation and water temperature (Fig. 3, observation data in summer and winter respectively). In summer, DOS 
became hypoxia both in the surface and bottom water, and it cannot find difference in term of water temperature 
between surface and bottom water when solar radiation was low. Whereas, DOS did not change in surface and 
bottom water in summer when solar radiation was low, and the difference of temperature disappeared. Thus, DOS 
was influenced greater by water temperature than by solar radiation from the results. 
 
 
4. Experiments on oxygen consumption and elution 
In closed water quality loaded water bodies such as dirty lakes and pounds, eluted nutrition like nitrogen and 
phosphorus, is one of the major factors that do not advance the improvement of water quality. Moreover, hypoxia 
 
Fig. 3. Observation DOS (%), water temperature (Υ), of about one week in summer and winter. Comparison with the DOS in summer and 
winter, DOS was influenced greater by water temperature than by solar radiation. 
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state of the bottom is considered to be a consequence of biological and chemical oxygen consumption by sediment. 
According to the observation results, the sediment is a major factor of water quality deterioration in Outer Moat. 
Therefore, experiments of sediment was carried out. 
Sediment was sampled at St. 1 and St. 2 near the sewage outlets in Site A area by acrylic cylindrical columns 
with the thickness of 30 cm, diameter of 10cm and height of 100cm. Sampling water was used after being filtered 
(To prevent the biological effects of infections, such as photosynthesis and respiration.) and water temperature was 
kept constant at 20 ć. Elution experiments were run anaerobically by nitrogen gas and aerobically by air with pump, 
where COD, NH4-N, NO2-N, NO3-N, T-N and T-P were analysed. And water temperature, DO, pH and ORP of the 
water samples were measured. 
 
4.1. Experiment results 
Table 2 and 3 show the results of the experiments of oxygen consumption and elution. There was no significant 
difference in sediment oxygen demand (SOD) between two points, but release rates of T-P and NH4-N at St.2 were 
about two times of St.1, indicating that elution rate distributed along with the Outer Moat. The release rate of T-P 
and NH4-N showed high values. According to the above results, this experiment clarified the elution from sediment 
is major factor on the eutrophication program. 
Table 2. The results of the experiments of elution anaerobically. 
㻌  Release Rate of T-P   (mg m-2day-1) 
Release Rate of NH4-N       
(mg m-2day-1) 
Temperature㻌 㻌
䠄Υ䠅 
St.1 37.5 61.7 
20 St.2 72.6 110.4 
Average 55.1 86.1 
 
Table 3. The results of the experiments of oxygen consumption. 
Oxygen Consumption Rate (g m-2 day-1) 
㻌  Minimum Maximum Average n (day)
St.1 0.3 0.99 0.56 5 
St.2 0.39 0.7 0.57 5 
 
5. Numerical calculation using ecosystem model 
In order to improve water quality of the Outer Moat, it is necessary to estimate its changes. Due to shallow water 
depth and long resident time of the water in the Outer Moat, fluctuations like flow and stratification have little effect 
on water quality and ecosystems, thus, only the ecosystem model is optimum method for estimating. The applied 
ecosystem model, including its parameters, is based on previous models applied to Japanese lakes [3,4]. 
This model includes 8 state variables: phytoplankton, inorganic phosphorous (I-P), inorganic nitrogen (I-N), 
chemical oxygen demand (COD), organic phosphorous (O-P) and organic nitrogen (O-N) as well as three species of 
algae: Cyanobacteria, Diatoms and Green algae. The dissolved inorganic phosphorous and nitrogen are major 
limiting nutrients that control primary production. The release rate of phosphorous and inorganic nitrogen from the 
bottom is based on experiment data. The definitions and values of each process and parameter are summarized in the 
table in appendix. 
 
570   Daiki Kinuma et al. /  Procedia Engineering  154 ( 2016 )  565 – 573 
5.1. The external loading of nutrients 
As for simulation, it is necessary to consider water temperature, solar radiation and the inflow-outflow of water 
quality indexes. Water temperature and solar radiation is obtained by measurements of one-day time step and public 
data respectively. This simulation includes three external loadings: (i) inflow from sewage outlet during rain event. 
(ξ) directly loading by rainfall. (ο) loading by spring. In order to determine the pollutant load at the same time 
with rainfall, inflow of each day to Site A is calculated by using observation and public value. Pollutant load 
concentration is obtained by the average value of two measurements. The second external loading is obtained by the 
values of rainfall, area and atmospheric precipitation [5]. The water quantity of spring is obtained by the value of the 
spring survey in Ichigaya [6,7]. 
 
5.2. Calculation result and consideration 
The release rate fluctuated seasonally because it was affected significantly by water temperature. Moreover, flow 
was influenced by wind in this area. As the result, it is assumed that release rate increased, 1.5 and 2 times of the 
experimental release rates of T-P and NH4-N which were obtained by calculation, and it turned out to be the 
observation results of T-N and T-P from October 6, 2015 to January 20, 2015 (Fig. 4). These simulation results 
could almost reproduce the trend of the variation of the water quality when rainfall occurred. However, the 
simulation results of T-N and T-P at the normal stage of water were less than measured values. Especially, the 
simulation results used 2 times of the experimental release rate were about one third of measured values. 
Consequently, this model requires consideration of further external loadings (Resuspension, Inflow from other 
swearer outlets.) and it is necessary to closely examine parameter. 
6. Conclusion  
(1) The values of T-N, T-P, COD and Chl-a kept in high level (than other water bodies in Japan) throughout the year. 
The average values of T-N, T-P, COD and Chl-a were 4.8 mg L-1, 0.92 mg L-1, 28.2 mg L-1 and 161ȝg L-1, 
respectively. Especially, T-P was about 5 times of the other sites. 
(2) DOS changed greatly in urban enclosed water body within one day, that is, the observation value changed from 
hypoxic to supersaturated state in one day, except the period of November 2014 to March 2015. In addition, DOS 
was greatly influenced by water temperature. 
(3) The simulation results could almost reproduce the trend of the variation of water quality when rainfall occurred. 
However, the simulation results of T-N and T-P at the normal stage of water were less than measured values. 
Fig. 4. Observation and simulation T-P (mg L-1) and T-N (mg L-1) from October 6, 2015 to January 20, 2015.   
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According to the experimental and numerical analysis, we found that the nutrients released by sediment are one of 
the major factors of eutrophication problems in the Outer Moat. 
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Appendix A. Ecosystem model and parameters 
 
Definition and numerical values of parameters in the ecosystem model. 
 
Symbol Definition Unit Value Reference value Symbol Definition Unit Value Reference value
ȝmaxC Maximum growth rate of
phytoplankton (cyanobacteria) day
-1 1.4 0.8䡚3.0 ȖNo20 Decomposition rate ofinorganic nitrogen at 20䉝 day
-1 0.1 0.085㹼0.1
ȝmaxD Maximum growth rate of
phytoplankton (diatoms) day
-1 1.2 1.0䡚1.16 ş ȖNo Temperature coefficient oforganic nitrogen - 0.0695 0.0695㹼0.084
ȝmaxG Maximum growth rate of
phytoplankton (green-algae) day
-1 0.9 0.6䡚1.0 ȖPo20 Decomposition rate ofinorganic phosphorus at 20䉝 day
-1 0.1 0.043㹼0.1
KN Half saturation constant of
nitrogen mgL
-1 0.15 0.08㹼0.1 䀗 ȖPo Temperature coefficient oforganic phosphorus - 0.0695 0.0695㹼0.073
KPC Half saturation constant of
phosphorus (cyanobacteria) mgL
-1 0.005 0.005㹼0.041 ȖNi20 Denitrification rate of nitrate day-1 0.135 0.06㹼0.135
KPD Half saturation constant of
phosphorus (diatoms) mgL
-1 0.002 0.002㹼0.006 䀗 ȖNi Temperature coefficient ofdenitrification rate of nitrate - 0.00695 0.0695㹼0.087
KPG Half saturation constant of
phosphorus (green-algae) mgL
-1 0.002 0.005㹼0.033 ȞpIC Sinking rate of phytoplankton(cyanobacteria) m day
-1 0.05 0.05㹼0.08
IoptC Optimum solar radiation
(cyanobacteria) MJ m
-2day-1 8 8.0㹼16.8 ȞpID Sinking rate of phytoplankton(diatoms) m day
-1 0.05 0.02㹼0.1
IoptD Optimum solar radiation (diatoms) MJ m-2day-1 5 4.0㹼16.8 ȞpIG Sinking rate of phytoplankton(green-algae) m day
-1 0.05 0.03㹼0.1
IoptG Optimum solar radiation
(green-algae) MJ m
-2day-1 6 5.8㹼16.8 ȞCo Sinking rate of COD m day-1 0.5 0.1㹼0.84
ToptC Optimum water temperature
(cyanobacteria) °C 30 30
㹼32.7 ȞNo Sinking rate of inorganicnitrogen m day
-1 0.5 0.01㹼0.63
ToptD Optimum water temperature
(diatoms) °C 15.0 10.0
㹼12.0 ȞPo Sinking rate of inorganicphosphorous m day
-1 0.5 0.3㹼0.5
ToptG Optimum water temperature
(green-algae) °C 25 21.3
㹼28 ȞPi Sinking rate of inorganicphosphorous m day
-1 0.1 0.08㹼0.25
ĮCoC Ratio of COD to chlorophyll-a in
phytoplankton - 100 40
㹼110 RCo 20 Release rate of COD at 20䉝 mg m-2day-1 150 -
ĮCoN Ratio of COD to nitorogen in
phytoplankton - 8 8.0
㹼8.2 䀗 RCo Temperature coefficient ofrelease rate of COD - 0.0698 0.0698㹼1.01
ĮNP Ratio of nitrogen to phosphorus in
phytoplankton - 8 8.0
㹼8.7 RNi 20 Release rate of inorganicnitrogen at 20䉝 mg m
-2day-1 86.1 -
Kr20 Respiration rate of phytoplankton
at 20 䉝 day
-1 0.05 0.033㹼0.05
䀗RNi Temperature coefficient of
release rate of inorganic
nitrogen
- 0.0698 0.0698㹼1.05
䀗kr Temperature coefficient of
respiration rate - 0.0695 0.0695
㹼1.01 RPi 20 Release rate of inorganicphosphorous at 20䉝 mg m
-2day-1 55.1 -
Kd20 Mortality rate of phytoplankton at
20䉝 day
-1 0.02 0.020㹼0.029
䀗 RPi Temperature coefficient of
release rate of inorganic
phosphorous
- 0.0698 0.0698㹼1.01
䀗kd Temperature coefficient of
mortality rate - 0.0695 0.0695
㹼0.072 r Ni Ratio of inorganic nitrogen ininflow of TN - 0.74 0.74
İ Ratio of Extracellular release to
primary production of
phytoplankton
- 0.1 0.08㹼0.10
r Pi Ratio of inorganic phosporus
in inflow of TP - 0.6 0.6
ȖCo20 Decomposition rate of COD at
20䉝 day
-1 0.05 0.05㹼0.11 v Volume m3 25000 -
䀗ȖCo Temperature coefficient of COD - 0.0695 0.0695㹼0.076 h Water depth m 1.5 -
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 Modeling of each process in the ecosystem model. 
 
State variable Modeling of each process
Phytoplankton
Chemical oxygen demand
Toatal nitrogen
Toatal phosphorus
Water temperature
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Definition of each process in the ecosystem model. 
 
Symbol (mgL-1) State Variable Symbol (mgL-1) State Variable
C chlorophyll-a TN Total nitrogen
CC chlorophyll-a (cyanobacteria) NO Organic nitorogen
CD chlorophyll-a (diatoms) Ni Inorganic nitorogen
CG chlorophyll-a (green-algae) TP Total phosphorus
COD Chenmical oxygen demand PO Organic phosphorus
CO COD(non-biological) Pi Inorganic phosphorus
Kt Rate at T 䉝
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